It is now well appreciated that programmed cell death (PCD) plays critical roles in the life cycle of diverse bacterial species. It is an apparently paradoxical behavior as it does not benefit the cells undergoing PCD. However, growing evidence suggests that PCD can be 'altruistic': the dead cells may directly or indirectly benefit survivors through generation of public goods. This property provides a potential explanation on how PCD can evolve as an extreme form of cooperation, although many questions remain to be addressed. From another perspective, as PCD plays a critical role in bacterial pathogenesis, it has been proposed as a potential target for new antibacterial therapy. To this end, understanding the population and evolutionary dynamics resulting from PCD and public goods production may be a key to the success of designing effective antibiotic treatment.
PCD in bacteria PCD is a genetically encoded process that leads to cell death. It is an essential mechanism in multicellular organisms for proper development and homeostasis. Although PCD has classically been studied in the context of multicellular organisms, it is now widely recognized that bacteria and other single-cell organisms also exhibit PCD in response to environmental stimuli [1] [2] [3] . Over the past two decades, PCD has been identified in various bacterial species and found to play critical roles in their survival and pathogenesis [4, 5] . In particular, recent studies discovered that cell death in Escherichia coli also exhibits typical biochemical markers of apoptosis when induced with bactericidal antibiotics [6, 7] . This phenomenon has been termed 'apoptosis-like death'. The origin and physiological implications of PCD are still the subjects of active debate [5] : for instance, is it a trait that is selected for during evolution or a maladaptive byproduct of another trait? In this article, we refer to PCD as any genetic program that can be triggered in response to environmental stimuli (and cell signaling reflecting environmental changes) to cause cell death. We review commonly observed modes of bacterial PCD and discuss the therapeutic potential of targeting PCD.
A common mechanism to realize PCD in bacteria is through toxin-antitoxin (TA) modules, which are present in almost all free-living bacteria species that have been sequenced [8] . A TA module typically consists of genes encoding a protein toxin and an antitoxin (a protein or an RNA) that neutralizes the toxin by either directly binding to the toxin or inhibiting translation of the toxin [9] . The antitoxin is often less stable than the toxin and has to be constantly produced to inhibit the toxin [9] . Under certain stressful conditions, antitoxins are quickly degraded, thus freeing toxins to exert their poisoning effects. The targets of toxins are diverse: they include DNA replication, translation, cell division, and cell wall synthesis [9] . One of the most studied TA modules is the mazEF system, which was first found on chromosomes of E. coli and later in other bacteria [1] . mazF codes for a toxin MazF, an endoribonuclease that cleaves mRNAs; mazE codes for an antitoxin MazE, which can be degraded quickly by the ClpPA serine protease [1] . The mazEF system is activated under various stressful conditions, including amino acid starvation, antibiotic treatment, DNA damage, and oxidative stress [2, 10] . Once induced, it causes PCD in most of the population by increasing the synthesis of 'death proteins', while allowing survival of a small subpopulation by increasing the synthesis of 'survival proteins' [11] . Moreover, mazEFmediated death is regulated by a small peptide called extracellular death factor that is secreted by cells [12] , suggesting fine tuning of PCD through population density.
PCD can also occur by activation of a prophage, a bacteriophage DNA that is inserted into a bacterial host genome as a result of the lysogenic life cycle of bacteriophage. Normally dormant, the prophage can be activated by environmental stresses that damage host DNA [13, 14] , which in turn results in host lysis [15] [16] [17] . Because prophage-coded genes play critical roles in bacterial evolution and prophages reside in bacterial chromosomes, we consider prophage activation as PCD in this article. Also, this notion is consistent with the general definition of PCD. Genomic analyses have identified prophages in many sequenced bacteria; in many cases, a bacterium contains multiple prophages in its genome, although many of them have become defective in producing phage particles [18, 19] . A notable example is the food pathogen Shiga toxin-producing E. coli (STEC) O157:H7 strain Sakai, which contains 18 prophage elements [18] . In STEC, the induction of some prophages is accompanied by the expression of phage-encoded Shiga toxin (Stx), often triggered by DNA-damaging agents such as fluoroquinolone antibiotics [20] , mitomycin C [21] , and neutrophils and their products (e.g., H 2 O 2 ) [22] .
The molecular mechanisms underlying apoptosis-like death are poorly understood. However, a central player appears to be RecA, a multifunctional protein critically involved in DNA repair and maintenance in bacteria. Interestingly, its function resembles that of caspases, cysteine proteases central to the regulation of apoptosis in eukaryotes [23] ; it was found that RecA binds specifically to a synthetic caspase substrate [7] . How RecA activation causes apoptosis-like death in bacteria and whether there is a fitness advantage to performing this mode of death are still unknown. Considering its cross-regulation with the mazEF death pathway, it was speculated that the apoptosis-like death is a backup death program ensuring the execution of PCD even when the mazEF pathway is rendered dysfunctional [6] . Another intersection between bacterial PCD and eukaryotic apoptosis has also been found in the Cid/Lrg system of Staphylococcus aureus. It encodes proteins analogous to bacteriophage-encoded holins and antiholins, and when activated causes cell lysis [24] . Interestingly, functional similarity between phage lambda holin and Bax, another core regulator of apoptosis in eukaryotes, has been found [25] . While it remains to be seen how or whether the RecA pathway and Cid/Lrg are related, the two systems suggest a potential evolutionary connection between prokaryotic and eukaryotic PCD.
PCD as an altruistic trait PCD in bacteria is apparently paradoxical, considering that death offers no direct fitness benefit to its actor (i.e., a bacterial cell that has executed PCD will die). Indeed, the evolutionary origin of PCD remains controversial [5] . One possible explanation is that PCD may be a maladaptive trait resulting from other processes that provide a pro-survival function. It was suggested that the primary function of the TA module mazEF is to control the quality of gene expression under stress conditions, such as amino acid starvation rather than to mediate PCD [8] . Another explanation, however, is that PCD represents an altruistic trait: sacrifice of some cells in a population can benefit survivors through the generation of public goods [4] ( Figure 1A ). In other words, PCD represents an extreme form of cooperation, similar to what is observed in animals: sterile workers in social insect colonies give up their personal reproduction but help their fertile family members [26] . In this case, the evolutionary theory requires that the benefit be enjoyed more by individuals who share the PCD genotype than those who do not (Box 1). An important difference between PCD being maladaptive or altruistic is the evolutionary force that maintains PCD. If PCD is maladaptive, it should be evolutionarily stable as long as the selection on the pro-survival function to which PCD is linked is strong. If PCD represents an altruistic act, it should be lost under conditions in which PCDmediated public goods are not beneficial to the population [5] .
This notion is consistent with many examples of PCD studied to date (Table 1) . For example, PCD mediated by TA modules has been linked to the release of nutrients and other molecules necessary for survival under stressful environments [1, 2, 10] , release of virulence factors [27, 28] , and structural development of biofilms [29] . Prophages often encode bacterial virulence factors that are expressed as a result of prophage activation [19] . As such, an apparent benefit of prophage-mediated PCD is the production of virulence factors [19, 20, 22, 30] . Interestingly, such virulence factors often require cell lysis to be released into the environment. Furthermore, prophage-mediated PCD can also contribute to biofilm development and dispersal [31] [32] [33] [34] . We note that public goods resulting from PCD may not necessarily be a tangible physical entity. For example, during biofilm formation in Bacillus subtilis, localized cell death allows spatially focused mechanical forces to initiate wrinkle formation, which is critical for resistance against liquid wetting and gas penetration [29] .
The apparent benefit of public goods, however, does not necessarily mean that it is advantageous for a population to perform PCD. Can public goods generated by PCD provide enough benefit to improve overall population fitness? How drastic does PCD have to be to achieve this? A recent study using a synthetic system in E. coli demonstrated conditions under which such altruistic death can indeed improve the overall population growth [35] . This indicates that for clonal populations, altruistic death can be evolutionarily favored. For nonclonal populations, however, the public good generated by altruistic death needs to preferentially benefit individuals who share the altruistic genotype (Box 1). The study also revealed a complex interplay between public good production (and its benefit), the degree of programmed death, and the system's temporal dynamics, and highlighted the nontrivial consequences that arise from perturbing such systems parameters [35] .
PCD as a target for antibacterial therapy
Since the introduction of antibiotics in the 1940s, antibiotics have become the largest component in our arsenal against bacterial infections. However, decades of overuse of antibiotics are now undermining their own effectiveness. Bacteria have been developing resistance to existing antibiotics at an alarming rate, and there is an urgent need for developing new antibiotics [36] and new treatment strategies for better use of existing antibiotics. The presence of PCD has profound implications for both aspects. On the one hand, if antibiotic-mediated killing of pathogens leads to the release of enzymes that degrade the antibiotic (realizing the basic logic of altruistic PCD), the bacterial growth can exhibit non-monotonic responses to the antibiotic doses, whereby the bacteria grow better at a higher dose of antibiotic [35] . On the other hand, elements of PCD can serve as potential drug targets to achieve effective inhibition of bacterial survival. For example, PCD can be artificially induced to promote greater cell death ( Figure 1B) . This strategy has been proposed for TA systems [37, 38] , where the induction can be achieved by disruption or prevention of TA complex formation or enhanced proteolytic degradation of antitoxin [38] . This strategy is analogous to cancer treatment by chemically inducing or promoting apoptosis [39] . While intuitively appealing, however, this strategy could lead to counterintuitive consequences when PCD is coupled with release of public goods. Specifically, induction of PCD will result in faster public good generation in the short term, which can lead to a greater fitness benefit for the pathogen in the long term. As a result, triggering death in some cells could, in principle, lead to apparently better growth in the overall population [35] , although it remains to be seen whether the same effect takes place in in vivo systems.
From the perspective that PCD is a cooperative action, it might be more effective to reduce PCD and minimize the release of public goods ( Figure 1C ). This strategy is analogous to inhibition of quorum sensing (QS), a mechanism by which bacteria communicate with each other to coordinate population-level cooperative actions [40] . The inhibition of QS has been shown to be protective against bacterial pathogens in animal models [41, 42] , but could in itself cause surprising consequences [43] . Consistent with this notion, a serum from a mouse immunized with the autolysin of Streptococcus pneumoniae reduced autolysis in vitro, and the immunization exhibited protection against S. pneumoniae infection [44] . Whether and to what extent the reduced virulence is attributed to reduced autolysis (and reduced release of virulence factors) in vivo requires further study. Alternatively, one can inhibit the effector of PCD-mediated cooperation by directly targeting public goods while allowing PCD itself to occur. Indeed, neutralization of bacterial toxins such as Shiga toxin and botulinum neurotoxin by antibodies has shown promising results in animal studies and clinical trials [45] .
Combining the two aspects above leads to another strategy -inhibition of public goods coupled with proper modulation of PCD ( Figure 1D ). Again, as noted above, a balance between these two arms of perturbation is critical due to nonlinear coupling of the effects of PCD and public
Box 1. Evolution of altruistic behaviors
Altruism is a behavior that reduces fitness of the actor but increases fitness of recipient. Explaining the evolution of altruism has been a challenge because of the negative fitness consequence to the altruist, which would seem to be selected against over time. In 1964, William Hamilton formalized a simple rule that describes a condition for the evolution of altruism, known as Hamilton's rule [52, 53] :
where b is the fitness benefit to the recipient, c is the fitness cost to the actor, and r measures genetic relatedness between the actor and recipients. For a clonal population (r = 1) where all individuals are altruists, Hamilton's rule simply states that the fitness benefit has to be greater than the fitness cost. This means that altruism is selected when it increases the overall population fitness. For a nonclonal population where altruists and nonaltruists coexist (r < 1), however, altruism might not be evolutionarily favored even when it is beneficial for the population. The key factor is to ensure that the fitness benefit of altruistic behavior is preferentially directed toward kin who carry the altruistic gene (i.e., high r). While there could be many mechanisms that realize high relatedness, a previous study experimentally illustrated that strong population bottleneck is one such mechanism [54] . Also, it has been shown that a well-mixed nonclonal population can spatially segregate into clonal patches through simple surface growth [49] , suggesting another generic mechanism to generate a high level of relatedness in nature. goods. A recent study demonstrated this notion using an engineered altruistic PCD system [35] . The tradeoff between the two factors, together with temporal dynamics of the system, leads to emergence of an optimal degree of PCD (for a given stress level and rate of public good generation) that maximizes the population fitness. This optimal death rate shifts in a counterintuitive way when the per cell public good generation is changed [35] . As a result, the population fitness exhibits a complex landscape in terms of the degree of PCD and the rate of public good generation (Figure 2 ). Perhaps the most striking realization from this landscape is that, as long as inhibition is incomplete (likely for any drug), simultaneous induction of PCD (greater death) and inhibition of public goods (less benefit from those who die) could lead to overall better growth of the population (Figure 2 ). Given these complications, proper understanding of the cost-benefit relationship of PCD and public goods is critical for a successful treatment. Moreover, the presence of social cheaters, mutants that do not perform PCD but benefit from public goods generated by the wild type (cooperators), adds further complexity. On the one hand, in such a nonclonal situation evolutionary selection usually does not optimize population fitness, and therefore exogenously stimulating PCD could increase overall population growth. On the other hand, different targeting strategies of PCD may have different consequences to the cooperator-cheater dynamics. Below, we shall discuss this latter aspect in more detail.
Evolutionary dynamics in targeting PCD
When PCD represents an altruistic trait, effective targeting of PCD also requires a better understanding of the resulting evolutionary dynamics. In particular, altruistic PCD is prone to exploitation by cheaters [46] . If cooperators and cheaters coexist in the same environment (i.e., they equally benefit from public goods), social evolution theory predicts that the cheaters increase in frequency and the population becomes less cooperative [46] . Notably, in Pseudomonas aeruginosa during lung colonization of mechanically ventilated patients, where QS-mediated cooperation is thought to play a critical role, increased frequency of social cheater (i.e., mutant defective of QS-mediated cooperation) was observed over time [47] . It was also found that the frequency of cheaters was negatively correlated with the onset of ventilator-associated pneumonia, suggesting lower virulence for patients with more cheaters [47] . As such, how PCD is targeted affects the cooperator-cheater dynamics and has an important implication for treatment outcome, and thus should be considered when designing a treatment strategy.
To illustrate this, consider a simple scenario where cooperators and cheaters equally benefit from public goods, and the only fitness difference of the two types is the cost (i.e., whether they perform PCD or not). In this scenario, artificial induction of PCD ( Figure 1B,D) would cause greater selection for the cheater, thus making the population less virulent. By contrast, PCD inhibition ( Figure 1C ) essentially closes the fitness gap between cooperator and cheater by making the cooperator act like a cheater, and thus it would favor the maintenance of cooperation. This idea is consistent with the recent clinical study in which QS was inhibited during lung colonization of P. aeruginosa. QS in P. aeruginosa regulates production and secretion of virulence factors, which are energetically costly to produce but are beneficial to nearby individuals. It was found that QS inhibition selected for bacteria that were capable of QS-mediated cooperation [48] . In many natural systems, the situation is likely to be more complex. For instance, spatial structure may cause patch-like, segregated growth of cooperator and cheater [49] , resulting in a higher concentration of public goods, and thus more benefit toward the cooperators. In the presence of population structure, predicting the direction of selection can be challenging. A recent study using a synthetic cooperative system illustrated that the detailed knowledge of how an experimental perturbation affects the cost-benefit structure is critical for understanding the direction of selection [50] . On a related note, the elucidation of cooperatorcheater dynamics would enable a recently proposed 'Trojan horse' approach. Engineered cheaters with medically beneficial traits (e.g., modulated PCD, reduced virulence, increased antibiotic sensitivity, etc.) may be introduced to invade a cooperative population [51] . Once such engineered strains take over the infecting pathogens, the population becomes less virulent and more susceptible to other medical interventions.
Concluding remarks
The past four decades have seen an increasing number of examples of multicellular behavior in bacteria. As a unique example, bacterial PCD presents both a challenge for basic biological understanding (in terms of its maintenance and evolution) and a potential opportunity for developing effective antibiotic treatment strategies. By recognizing PCD as a potential altruistic trait, we have discussed how PCD can be exploited for combating pathogens (Figure 1B-D) . We emphasize that the cooperative nature of PCD requires a deep understanding of the cost-benefit relationship of Figure 2 . The fitness landscape of a synthetic altruistic programmed cell death (PCD) system [35] . Altruistic PCD can lead to a complex fitness landscape as a function of two parameters, the degree of PCD and per cell public good production (redrawn from [35] ). The trajectory connecting A and B illustrates a counterintuitive outcome of the intervention strategy depicted in Figure 1D : increased PCD combined with incomplete inhibition of public goods can lead to increased growth of the population (inset).
Opinion
Trends in Microbiology June 2013, Vol. 21, No. 6
PCD for designing successful treatment strategies. This importance is further underscored by the fact that cooperator-cheater dynamics also play an important role in determining therapeutic outcome in evolutionary time scales. As a step forward, it is critical to establish natural or synthetic model systems that enable quantitative studies of the population or evolutionary dynamics resulting from diverse PCD mechanisms, with an emphasis on the network logic, instead of specific molecular components. Such model systems can also facilitate development and testing of different treatment strategies in a controlled manner. This line of research will complement and benefit from ongoing efforts that aim at dissecting the signaling networks underlying PCD. For instance, the latter can provide necessary molecular toolsets to interfere with PCD initiation or the functioning of the resulting public goods. A key question is how diverse PCD systems respond to intervention strategies in terms of both short-term dynamics (inhibition of bacterial growth) and long-term dynamics (disruption of population structure). Both are critically important for determining the efficacy of antibacterial treatment in the clinical setting. It would be particularly exciting if unifying principles emerge; if so, the treatment strategies developed for the model systems can be readily applied to real pathogens. For instance, is a particular strategy more likely to be successful regardless of the molecular details of the targeted PCD system? Likewise, is there a particular strategy that tends to favor cheaters more than another strategy? We anticipate that the coming years will see considerable progress in addressing these questions, which will likely influence clinical practice in dealing with bacterial pathogens.
